



Geographical Information Systems (GISs) represent a powerful tool for capturing,
storing, manipulating, and analysing geographic data.  This tool is being used by
various geo-related professionals, for example surveyors, cartographers,
photogrammetrists, civil engineers, physical planners, rural developers, geologists, etc.
They use the tool for analysing, interpreting, and representing the real world and
understanding the behaviour of the spatial phenomena under their respective
jurisdictions.  Almost all of the systems used by the geoinformation community to date
are based on two-dimensional (2D) or two-and a half-dimensional (2.5D) spatial data.
In other words, one may find difficulty processing and manipulating  spatial data of
greater dimension than 2 in the existing systems, resulting in inaccurate or at least very
incomplete information.  Furthermore, manipulating and representing real world objects
in 2D GIS with relational databases are no longer adequate because new applications
demand and increasingly deal with more complex hierarchical spatial data than
supported by the relational model.  It has been suggested in the literature that the
abstraction of complex spatial data could be handled more effectively in an object-
oriented rather than in a relational database environment (Egenhofer and Frank, 1989;
and Worboys, 1995).
     
The limitations of the current 2D GISs, especially in geoscience, have been reported in
the literature by such as Jones (1989), Raper and Kelk (1991), Rongxing Li (1994),
Houlding (1994), Bonham-Carter (1996), and Wei Guo (1996).  The limitations mentioned
relate to data dimensionality and data structures.  Single valued z-coordinate data such
as a point (x, y coordinates) with the z-coordinate representing height presents no data
handling difficulty in such systems, but it is inadequate for data with multiple z-values
Chapter 1 Introduction
2
(Bonham-Carter, 1996; and Raper and Kelk, 1991) such as ore bodies and other
important three-dimensional real world entities.  A major impediment to establishing
3D GISs is associated with inappropriate spatial data structures, as reported in the Jones
(1989) and Rongxing Li’s (1994) papers.  These two authors have proposed voxel data
structures for 3D data as a solution to the data structuring problem, but no real
operational system was developed based on the structure.  The problem has also been
highlighted in the geological field as reported by Houlding (1994).  True representations
of spatial information, for example sub-surface 3D objects, could not be successfully
achieved with 2D systems.  3D visualisation tools alone (for example Advanced
Visualization System (AVS), Voxel Analyst from Intergraph and other Digital Terrain
Model (DTM) packages) were not able to truly manage such data as demanded.  For
example Wei Guo (1996) experimented with the 3D modelling of buildings by using
Molenaar’s (1992) formal data structure in the relational database environment together
with AutoCad as a 3D visualization tool; AutoCad was used to generate the building
models.  In the literature, a common suggestion has been that the existing GISs were
able to handle most of the 2D spatial data, but had difficulty in handling 3D spatial data
and beyond, therefore, an extension of the existing systems to at least a third-dimension
(3D) is one of the solutions suggested by GIS researchers.  
Another observation is that the literature cites no implemented work on three-
dimensional GIS coupled with object-oriented technology; given that the weakness of
conventional off-the-shelf 2D or 2.5D GISs are revealed when three-dimensional real
world entities are considered, it is surprising that object-orientation and three-
dimensionality have not apparently been jointly considered.  Some work has focussed
on the 3D issue, e.g.  Fritsch and Schmidt (1995), Kraus (1995), Pilouk (1996), and Fritsch
(1996a).  But all of these attempts were based on the relational database environment.
Therefore, this research looks at both 2D and 3D spatial data modelling and the
development of a geoinformation system using an object-oriented technology to attempt
to solve the 3D problem in the GIS environment.
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The key foci of this research are 2D and 3D spatial data, spatial data modelling, spatial
data construction, databasing, and object orientation converging to a 3D object-oriented
GIS.        
1.2  Background to the Research Problem
In geomatics we consider real world objects to exist in 3D, so it is desirable to have a
system which is able to store, handle, manipulate, and analyse objects in the 3D
environment.  As mentioned in the previous section, current popular GIS software
handles, manipulates, and analyses geographic data in 2D or 2.5D, thus if we use this
kind of system to manipulate our 3D data full (particularly multiple Z coordinates)
information about the objects cannot be achieved.  Therefore 2D GIS (or 2.5D GIS) needs
to be extended, i.e. to 3D GIS.  Only within the last decade, has 3D GIS begun to be
discussed in the GIS research community (Raper and Kelk, 1991; and Rongxing Li, 1994).
It seems the development of this particular GIS approach has been relatively slow due
to a lack of proper spatial data models and data structures, and a lack of a
comprehensive theory of object relationships and data basing for the 3D environment
(Wei Guo, 1996).  As implied attempts have been made to develop 3D GIS; the  attempts
can be found in Rongxing Li et al. (1996), Pilouk (1996), and Qingquan Li and Deren Li
(1996).  The two Lis used an octree approach for 3D subsurface geological modelling,
Pilouk used a 3D TIN approach for regular features on the terrain, and a combination
of octree/tetrahedron was also proposed by Qingquan Li and Deren Li (1996).  Others
used Constructive Solid Geometry (CSG) and Boundary-representation (B-rep)
approaches (Cambray, 1993; Cambray and Yeh, 1994; Bric, 1993; Bric et al, 1994; and
Zeitouni and Cambray, 1995).  All of this work was based on regularly shaped objects,
which were man-made, and relational data basing.  On the other hand, there appears
very little published work on the modelling of 3D objects including natural objects, e.g.
forests, plants, water bodies, and other natural subsurface features using the object-
oriented (OO) approach.  Recent research (Rongxing Li, 1994; and more recently Fritsch,
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1996b) in this domain has suggested that  3D spatial data modelling, structuring and
data basing with object-orientation leads to better 3D GIS.  This suggestion seems mainly
to arise from the complexity of 3D spatial data, as well as some positive features of
object-orientation where every physical or spatial object of the real world can be defined
during software development.  It therefore seems imperative to investigate the
practicality of a means to improve, in 3D, the representation of natural objects and to
manage them in an object-oriented GIS.         
1.3  Research Objectives
Based on the foregoing, the objectives of the research reported in this thesis have been
to:
! Review various methods of 3D object representation.
• classify the methods of representation,
• develop criteria for choosing the most appropriate representation,
• based on developed criteria, assess representations with regard to objects
in the natural environment and choose the most appropriate.    
! Develop the means to incorporate widely available digital data (2D data, DTM data,
borehole data and 3D photogrammetric data) into the representations. 
! Develop algorithms and implement the chosen representations of 2D and 3D spatial
objects for geospatial databases in the object-oriented environment.  
! Develop example GIS applications (e.g. query,  display and terrain analysis
programs).  
! Test and assess the adapted approaches of representation and present them using
an appropriate object-oriented graphical user interface.
1.4  Research Scope  
The main intentions of this research are to carry out an investigation of 2D and 3D
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spatial data representation, to develop a geoinformation system based on the most
appropriate spatial data representation and to execute some GIS tasks and functions.
The study includes spatial data modelling and data structuring for terrain features.  The
research also looks into the use of object-orientation technology for the data modelling
and geospatial databasing.  Specifically, it focuses on the development of a system based
on triangular and tetrahedral data structures or 2D and 3D TIN (or TEN) data structures
(in this thesis, the term 3D TIN and TEN are used interchangeably).  The approaches are
tested through a software package developed in this research, but also  some aspects of
object-oriented databasing utilising a commercial object-oriented database management
system (OODBMS), called POET are investigated.    
Furthermore, besides using  simulated data, an attempt is also made to incorporate real
data in very commonly available digital forms, namely: 
 i) 2D data + heights (i.e., 2.5D), and
 ii) 3D photogrammetric digitised data.
This research does not develop a fully operational 3D GIS system; it is not an intention
of this study to deal with and develop a full range of GIS operations such as data
capture, data input, data manipulation, databasing, and visualization.  What is intended
is to find an appropriate 3D data model for natural and man made real world entities
and to propose a GIS environment which accesses that model.  Thus,  as can be read in
section 8.4 (Future Research) it is hoped that the way is now well paved for future
developments towards effective 3D object-oriented GIS.    
1.5  Research Approach and Methodology
This research follows a top down view of the GIS software construction.  It begins by
investigating the relevant 2D and 3D spatial object representations and then pursues
implementation of the spatial GIS concepts, including data modelling and construction
of the models.  This utilises object-oriented technology.  
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The framework of this research follows:
! A review of 3D GIS development including systems offered by major GIS
vendors.  
! A review of 3D object representations presented in the literature.
The representations of the objects are then classified.  
! For each selected representation, an investigation of how it can
represent the spatial object primitives point, line, surface, and solid
features. 
! A review of OO concepts and important terms such as
encapsulation, inheritance, abstract data type, and polymorphism.
! An investigation of how OO concepts and the chosen 3D object
representations can be fused to represent 3D spatial data. 
! A development of  computer programs for structuring each chosen
representation.  The programs will be used to establish basic data
structures and also relationships between the primitives (i.e.
topology) of the data sets.  Some supporting computer programs,
for example display programs, will be developed.  
! A translation of the chosen 3D object representations into the
object-oriented environment.
! Populating the databases by incorporating existing 2D data, and
3D data, e.g. digitized contours and photogrammetric datasets.   
! Developing some GIS application programs by using an available
C++ programming language and OO database management
software. 
! Developing the means to test the applicability of the populated
database.
! Testing the developed computer programs by using the test area
data sets and perform some fundamental GIS operations such as
database retrieval (i.e. queries) and display. 
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1.6  Structure of the Thesis
This thesis consists of eight chapters based on the above proposed research framework.
Chapter 1, as being discussed, highlights the research problem, research objectives, scope
of the research, research approach and methodology and the thesis structure.  It
introduces the ‘what’ and ‘why’ of the research.               
Chapter 2, overviews the development of 3D GIS.  This includes a discussion of the needs
of such a system.  This chapter is devoted to a discussion of previous work on the
problem, and how this research contributes to the whole problem domain.
Chapter 3, discusses technical aspects of spatial data.  Two-dimensional (2D) and three-
dimensional (3D) models of spatial data representations  such as vector, raster, surface-
based, and volume based are discussed where 2D and 3D Triangular Irregular Network
(TIN) structures are discussed in greater detail. 
Chapter 4, discusses spatial data modelling and GIS.  The contribution of fundamental
and conceptual aspects of data modelling towards geo information system development
is the focus of this chapter.  Discussions on data models, modelling steps such as
conceptual, logical, and physical spatial data modelling are included.  Two pertinent
spatial database schemas for spatial data, i.e. relational, and object-oriented are
described. 
Chapter 5, presents the development of an OO TIN-based data model.  The chapter
begins with the OO basic concepts, the use of OO for the TIN spatial data modelling.
OO database development is also discussed.       
Chapter 6, presents major algorithm developments for the construction of 2D and 3D TIN
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data structures.  The algorithms cover  several tasks, such as Distance Transformation
(DT), Voronoi Tessellations, and triangulation data structuring tasks.  This chapter also
covers the development of other tasks, particularly GIS applications.   
Chapter 7, presents the implementation of the proposed approaches.  All the tests of the
algorithms and the computer programs developed in the research are carried out using
a data set of the study area.  This includes the development of the user interface, and the
application of the approaches.
  
Chapter 8, concludes and summarises the findings of the research.  Some suggestions for
further improvement to the investigated issues and problems in this research are
highlighted.  
1.7  Commercial Tools 
The following summarises the commercial software used in this work.  These are used
mainly for the purpose of visualising the output of the computation involved.
• ILWIS version 2.2, is a desk-top based raster and vector GIS/Remote Sensing
software developed by ITC (The Netherlands).  It is worth mentioning that now
it is being marketed jointly by PCI Geomatic Inc. company.  A raster image
display module helps to display generated raster files developed in this work.
Chapter 6 elaborates the use of this display routine.  
• AVS Release 4.1, is a general purpose 3D visualization package developed by
Advanced Visualisation Sytems Ltd (the U.K).  It is a multi-platform system.  It
can be used to display 3D raster files.  Chapter 6 elaborates the use of this display
routine.   
• POET, is an OO DBMS package which runs under Windows95 operating system.
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It is used for an object database development.  Chapter 5 elaborates the use of
this tool.
        
• Borland C++ 5.0, is a C++ programming compiler used for the development of all
software developed in this work.  
     
1.8  Summary
This research proposes an OO approach to represent, model, construct and manipulate
2D and 3D spatial terrain objects within a geoinformation system.  The following
outcomes may be considered the main contribution of this research to GIS knowledge:
• Defining a suitable structure for representing 2D and 3D spatial terrain and
subsurface objects in a geoinformation system.
• Developing and implementing algorithms for 2D Triangular Irregular Networks
(TINs) and 3D TIN (or Tetrahedral Networks or TENs) with an extension for
constrained triangulations so that terrain features such as lines (i.e. arcs or edges),
and polygons can be handled in the system developed in this research.
• Designing and implementing object-oriented TIN-based spatial data models for
the proposed subsystems of a geoinformation system.
• Implementing an object-oriented TIN-based spatial data model with a
commercial OO DBMS package.  
• Validating all the developed algorithms and other GIS tasks and applications by
the development of a software package in a multiple document interface (MDI)
windows environment.              
